Shallow subsurface flow is a dominant process controlling hillslope runoff generation, soil development, and solute reaction and transport. Despite their importance, the location and geometry of these flow paths are difficult to determine. In arctic environments, shallow subsurface flow paths are limited to a thin zone of seasonal thaw above permafrost, which is traditionally assumed to mimic the surface topography. We have used a combined approach of electrical resistivity tomography (ERT) and self-potential (SP) measurements to map shallow subsurface flow paths in and around water tracks, drainage features common to arctic hillslopes. ERT measurements delineate thawed zones in the subsurface that control flow paths, whereas SP is sensitive to groundwater flow. We have found that areas of low electrical resistivity in the water tracks were deeper than manual thaw depth estimates and varied from the surface topography. This finding suggests that traditional techniques might underestimate active-layer thaw and the extent of the flow path network on arctic hillslopes. SP measurements identify complex 3D flow paths in the thawed zone. Our results lay the groundwork for investigations into the seasonal dynamics, hydrologic connectivity, and climate sensitivity of spatially distributed flow path networks on arctic hillslopes.
INTRODUCTION
Water flow through the saturated soils of the shallow subsurface is often a dominant process controlling runoff generation (e.g., Hewlett and Hibbert, 1967) , soil development (e.g., Lohse and Dietrich, 2005) , and solute transport (e.g., McGlynn and McDonnell, 2003) in watersheds. Despite their mechanistic importance, locating shallow subsurface flow paths remains challenging (Nippgen et al., 2015) . Traditional methods for mapping shallow subsurface flow paths include direct observation through laborintensive soil surveys and water content monitoring schemes (e.g., Tromp-van Meerveld and McDonnell, 2006; James and Roulet, 2007; Ali et al., 2011) or indirect predictions using terrain-based modeling (e.g., Jencso and McGlynn, 2011) or chemical or isotopic tracers (e.g., Tetzlaff et al., 2014) . Direct and indirect methods have major drawbacks: tracer and modeling techniques are data intensive, and manual surveying is unsuitable for environments in which soil properties vary strongly through space or time.
In arctic systems, subsurface flow paths are limited in depth by the frozen boundary of permafrost (Woo, 2012) . The soil profile is fully frozen in the winter, but higher energy inputs in the summer cause the progressive downward growth of a thawed subsurface region called the active layer, before the soils freeze again in the fall (e.g., Harris et al., 1988; Kane et al., 1991) . The subsurface topography at the boundary between the thawed and frozen ground, which controls the location of shallow subsurface flow paths, is difficult to assess with direct observations over large regions, at a fine resolution, or through time (Nelson et al., 1998) . Instead, subsurface topography is generally assumed to be a function of the surface topography (e.g., Stieglitz et al., 2003) .
Geophysical techniques show promise for testing this assumption and mapping the active layer and subsurface flow paths on arctic hillslopes. Several techniques have been applied to permafrost systems, including electrical resistivity tomography (ERT), groundpenetrating radar, and electromagnetic (EM) methods (see the reviews by Scott et al., 1990; Kneisel et al., 2008; Hauck, 2013) . Electrical methods are ideal for work in permafrost regions because bulk electrical resistivity depends on the temperature and phase of water (Ananyan, 1958; Hayley et al., 2007) . Frozen ground is more resistive to electric current than is unfrozen ground, with typical resistivity values more than 1000 ohm-m , although the exact value varies depending on soil material and the proportional frozen/liquid water content (Ananyan, 1958) . Recent theoretical calculations of resistivity changes due to temperature and water contents have been based on the variations of Archie's law, which relates bulk electrical conductivity to the fluid through porosity and empirically derived parameters (Hauck et al., 2011; Minsley et al., 2015) . These relationships are the basis of using ERT to identify areas of partially frozen ground in the subsurface. ERT has previously been used to identify the frozen ground boundary in many settings in the continuous (Overduin et al., 2012) and discontinuous (Lewkowicz et al., 2011; McClymont et al., 2013) permafrost zones. Technological advances have also made long-term monitoring of permafrost boundaries possible, resulting in quantitative understanding of annual freeze-thaw cycles in mountain permafrost (e.g., Hauck, 2002; Hilbich et al., 2008; Krautblatter et al., 2010) .
In addition to ERT and other active EM methods, self potential (SP) can help to inform our knowledge of subsurface processes in permafrost environments. SP is a passive electrical method that is sensitive to the small currents generated as water moves through soils. Voltage differences resulting from these currents are measured at the ground surface and analyzed to determine groundwater flow paths in the subsurface (e.g., Revil et al., 2005) . The method has been used to successfully monitor hydrologic pumping tests (Rizzo et al., 2004; Jardani et al., 2009; Soueid Ahmed et al., 2014) , identify flow through earthen dams (Ikard et al., 2014) , and determine infiltration rates (Doussan et al., 2002; Suski et al., 2006) . In periglacial environments, it has been used to investigate potential seepage through an ice-cored moraine (Moore et al., 2011) . However, SP has not been previously used to identify subsurface flow paths in arctic hillslopes.
In this study, we pair ERT and SP to investigate groundwater flow paths in and around common drainage features of arctic hillslopes called water tracks. ERT images the basal boundary of the active layer, which controls shallow subsurface flow paths beneath water tracks on permafrost-underlain hillslopes, whereas SP maps the direction of groundwater flow through these features. We explore the direction and magnitude of flow beneath the primary channel of two water track features, and we investigate whether the subsurface topography mimics the surface topography along transects crossing the water tracks. Our study sets the stage for quantifying the seasonal growth, hydrologic connectivity, and climate sensitivity of spatially distributed flow path networks on arctic hillslopes.
FIELD SITE DESCRIPTION
In August 2014, a series of ERT profiles and SP data were collected in the Kuparuk River watershed of northern Alaska to characterize the thickness of an active-layer thaw (Figure 1 ). The watershed is underlain by continuous permafrost and defined locally by massive and gently sloping moraines of the Sagavanirktok River Glaciation (Hamilton, 1986) . The ecology and hydrology of the Kuparuk River have been studied since the mid-1980s, and the river is currently part of the Arctic Long Term Ecologic Research site (e.g., Bowden et al., 2014) . Six water tracks that drain into the Kuparuk River are extensively monitored as part of ongoing research. This study focuses on two water tracks, Water Tracks 1 and 6 (Figure 1 ), which were selected for their proximity to roads and to minimize interference with other experiments. Highresolution topography from ground-based Light Detection and Ranging (LiDAR) collected during the same field campaign suggests that Water Track 1 drains 0.09 km 2 of hillslope at its weir on the western side of the river. Water Track 6 is approximately one-third the size of Water Track 1, draining 0.03 km 2 of the hillslope on the eastern side of the river. Both water tracks occur on the hillslopes with moist, acidic tundra vegetation, but the dominant emergent vegetation along the study reach of Water Track 1 is sedge, whereas Water Track 6 is characterized by abundant dwarf willows and birches. At both sites, a peaty organic soil horizon covers deeper mineral soils. The 24 soil cores collected at Water Track 1 in July and August 2014, 12 inside the water track feature and 12 outside on the nontrack hillslope, revealed that the organic soil horizon thickness was variable, but it was generally thicker inside the water track. The organic layer thickness inside Water Track 1 ranged from 23 to more than 88 cm, whereas the organic layer thickness outside the water track was usually less than 23 cm, ranging from only 3 to 43 cm in thickness. Some glacial erratics are visible on the surface at both sites, but organic soils cover >99% of the drainage area ( Figure 2 ).
METHODS

Electrical resistivity tomography
ERT methods work by injecting electrical current into the ground using two electrodes and measuring the resulting voltage distribution at other electrode locations. From the known amount of injected current and measured voltage differences, a resistance can be calculated for each quadripole (combination of four electrodes). Multiple resistance measurements from different quadripole spacings and offsets can be combined through the process of inversion to produce a profile of subsurface resistivity. These methods have been used for delineating subsurface lithology and hydrologic units in a variety of settings (Pellerin, 2002; Robinson et al., 2008 ; see discussions in Parsekian et al., 2015) . As discussed above, ERT has been used successfully in numerous permafrost settings to identify the extent of frozen ground.
ERT data were collected using an IRIS SyscalPro and stainless steel electrodes. Electrodes were inserted into the ground until good contact was made in the mineral soil or competent organic material, which was typically 10-15 cm below the land surface. Given the generally moist conditions, contact resistances between electrodes were low, with a median value of 4.1 and 6.5 kΩ between electrodes at Water Tracks 1 and 6, respectively. At both water tracks, ERT data were collected in a series of parallel transects, approximately centered on and perpendicular to, the primary drainage of the water track ( Figure 1) . One transect at each site was collected below a plywood weir installed for flow monitoring, whereas the remaining transects were collected upstream of the weir.
At Water Track 1, six parallel resistivity lines were collected approximately 20 m apart ( Figure 1 , Water Track 1). Each survey consisted of 96 electrodes at 0.5 m spacing, for a total transect length of 47.5 m. At Water Track 6, a similar collection scheme was used with a total of eight transects spaced 10 m apart ( Figure 1 , Water Track 6). Water Track 6 is narrower than Water Track 1, and therefore each ERT profile consisted of only 48 electrodes at 0.5 m spacing for a total of 23.5 m. Such fine spacing (0.5 m) was used to better capture the thaw boundary, which was estimated to be between 0.5 and 1 m below the ground surface from frost probing during August when the geophysical data were collected. In August, the active layer thickness is nearly maximized for the year because the ground begins freezing again in September or early October.
Electrical resistivity tomography inversion
In ERT surveys, any combination of electrodes can be used for current injection and voltage measurements, but certain sequences have emerged that balance sensitivity and collection time. A dipoledipole sequence was used for data collection at both sites due to its speed and ability to detect lateral variations (Barker, 1979) . At Water Track 1, the collection sequence for the 96-electrode transects included 1050 quadripoles, whereas 1159 quadripoles were used for the 48-electrode transects at Water Track 6. The collection sequence at Water Track 1 had fewer quadripoles despite the longer transect length because quadripoles sensitive to depths well below the permafrost boundary were not collected. Each quadripole was measured twice during a 500 ms current injection, and the relative error between the two measurements was used as a quality control and to weight the data during processing (median error ¼ 0.1%). The inversion code R2 was used to process the field data with a 0.125 m cell size; details of the code can be found in Binley and Kemna (2005) . Each inversion converged in four to six iterations with an average root-mean-square error of 1.1 relative to the measured noise calculated by the stacking errors. The depth of investigation (DOI) method of Oldenburg and Li (1999) was used to determine what portion of the inverted profile was informed by the data, rather than the inversion parameters. This method involves processing the same data set at least two times, each regularized to different background resistivities. Areas that are informed by the data result in similar resistivity values in each of the two inversions; areas beyond the DOI change as the background model is adjusted. These areas of lower data sensitivity are removed from plotting ( Figures 3 and 4) to reduce the possibility of overinterpretation.
ALASKA
Self potential
SP is a passive geophysical technique that relies on measurements of voltage differences at the land surface. These voltage differences are created by naturally occurring electrical currents in the subsurface. One source of the electrical current is water flow through porous material or "streaming potential." These currents initiate from the electrical double layer formed at the fluid-grain boundary (Revil and Leroy, 2001) . As polar water molecules move past charged grain surfaces, a small electrical current is produced. The DOI for a passive technique, such as SP, is difficult to determine because it is dependent on the strength of the source, which is unknown. At the water tracks, voltage differences between two Petiau-type (Petiau, 2000) , nonpolarizing electrodes were measured with a Fluke 87 V handheld voltmeter. The reference electrode was buried approximately 20 cm to reduce drift caused by internal temperature variation. The temperature drift of Petiau-type electrodes is small, 0.22 mV∕°C, relative to other nonpolarizing electrodes, which can exceed 2 mV∕°C (Revil and Jardani, 2013) . Individual measurements were collected in a grid using the roving electrode, typically placed on the surface or 0-3 cm into the ground when sediment allowed. The voltage difference between the reference and roving electrodes was checked every 60-120 measurements. The limited amount of drift between these electrodes observed during a survey (<3 mV), was assumed to be due to the temperature variations between the two electrodes, and it was distributed evenly over the intervening measurements during drift correction.
At Water Track 1, SP measurements were made in a 2-m grid across a 60 × 74 m area resulting in 1178 measurements. The measurement spacing at Water Track 6 was modified so that measurements were more densely spaced surrounding the primary channel (1-m spacing), and more widely spaced on the surrounding hillslopes (up to 4-m spacing) resulting in 828 measurements in a 60 × 70 m area. Due to spatial constraints, the footprints of the ERT and SP measurements are not identical at each of the sites, and their relative positions are shown in Figure 1 .
To better evaluate the trends across each water track, a continuous surface was interpolated from the individual SP measurements ( Figure 5 ). The surface was created by solving an inverse problem that minimizes the curvature of the surface, while respecting the confidence of the measurements. The error was estimated by comparison of duplicate measurements made during the course of the SP surveys. The median error between repeat measurements at Water Tracks 1 and 6 was 1.5 mV. Because SP measurements are relative to the reference electrode, rather than absolute values, measured voltages at each water track have been shifted, so that the minimum value in each plot is zero.
Additional data sets
To compare the ERT-derived subsurface topography with surface topography, a 0.5 m digital elevation model for each site was generated using BCAL LiDAR tools (Boise Center Aerospace Laboratory, 2014) from point cloud data collected using a Riegl VZ-1000 scanner and retroreflective targets that were georeferenced with survey-grade GPS units. The precision of the point cloud collection and georeferencing was 3 cm or better. The LiDAR surveys were conducted over the same week in August 2014 as the geophysical investigations. Ground-surface elevation along the ERT profiles was also surveyed using an automatic level and stadia rod. At each survey location, the active-layer thickness (thaw depth) was measured as the refusal depth of a 3/8 in., hex-shaped, insulated steel frost probe inserted into the ground. Finally, at each site, a set of nine fully screened shallow groundwater wells outfitted with pressure transducers (Onset U20 sensors with a 3.7 m range) and referenced to an atmospheric pressure logger were used to monitor the depth to the water table. Three wells were installed along the channel of each water track, and a pair of wells was installed on either side of each water track well on the nontrack hillslope.
RESULTS AND DISCUSSION
Individual ERT profiles
The ERT profiles at both water tracks have a thin low-resistivity layer above a more resistive unit (Figures 3 and 4) . This is the expected resistivity structure for a thin thawed layer over the frozen ground. At both sites, the low-resistivity layer is thicker within the water track compared with the nontrack hillslope. The thickening of the lower resistivity in the water track is due to enhanced thaw of the permafrost below the primary channel, which is also observed in the manual frost probe data. Enhanced thaw results from increased thermal conductivity due to higher water content Yoshikawa et al., 2003) and snow insulation (Walker et al., 1999) . Snow trapped in the topographic low within the water tracks leads to greater insulation from cold overwinter air temperatures and warmer soils. These processes also support the occurrence of the thickest lowresistivity zone directly upstream of the weir, where surface water ponding is continually present (weir position shown in Figure 1 , thaw visible in the 0 m profile in Figure 3 and the 10 m profile in Figure 4) .
The absolute resistivity values within these channels are lower than that of the lower resistivity values of the surrounding hillslopes. This trend is likely due to the differences in water content because increased water content would lower the bulk resistivity. Ponded water occurs on the surface upstream of the weirs at both the water tracks. The shallow groundwater wells corroborate these general observations at their particular locations. The water table remained 4-8 cm above the ground surface at all three water track wells at Water Track 1 over the study period, whereas five of the six nontrack wells had water tables at depths ranging from 0 to 20 cm below the surface, with three wells with water tables at least 10 cm below the ground. Similar conditions were observed at Water Track 6, where two of the three water track wells had water tables above the ground surface throughout the study period, and the third had a fairly shallow water table, at depths of 3-7 cm. All nontrack wells at Water Track 6 recorded subsurface water tables 3-20 cm below ground surface. Water Track 6 shows a similar resistivity structure to Water Track 1, including a lower resistivity layer above a continuous high-resistivity layer (Figures 3 and 4) . A secondary thawed path is also visible on the left side of the ERT of Figure 4 . Neither secondary channel is visible in the surveyed elevation data, but they do appear in the higher resolution LiDAR data.
Manual frost probe measurements made every 2 m along each ERT transect suggest that the geometry of the base of the active layer is similar to that of the surface elevation. There is a slight deepening within the water tracks, relative to the surrounding nontrack hillslopes (Figures 3 and 4) , although the contrast is not as great as in the ERT data. Frost probe measurements were at times limited by the presence of boulders buried in the subsurface that prevented accurate identification of the base of the active layer. In these cases, measurements were made up to 0.5 m off the survey line, possibly resulting in the differences between the frost probe and ER data observed in Figure 6 . The correlation between the ERT and frost probe boundaries is best outside of the main flow path (black cross symbols in Figures 3 and 4) . A comparison of all four data types is shown in Figure 6 . The ERT profiles also reveal areas of possible water movement that would not be detectable from frost probing alone. For example, it is impossible to accurately measure thaw depth below rocks using a frost probe. The ERT data revealed a large area of thaw beneath a rock that might facilitate water movement (Figure 3 , 80 m transect at approximately 5 m across the transect). Rocks may transfer heat more effectively to the subsurface, especially during the snowmelt when their dark, lower albedo surfaces are exposed, enhancing permafrost thaw below.
A second previously unidentified area of thaw is in the lowresistivity bulb that occurs below the main flow path of the water track, particularly at Water Track 1, where the zone of low resistivity extends significantly deeper than is detected by the thaw probe. If the bulb areas were entirely thawed, it would be penetrable by a frost probe. If frozen, the resistivity would be similar to the surrounding frozen areas. Instead, the presence of a lower resistivity zone beyond the probe-observed frost boundary may indicate an area of partial thaw, in which the unfrozen water content is greater than surrounding areas at the depth. Individual ERT profiles cannot identify the water movement through the subsurface, but the lower resistivities suggest that liquid water may be present in these regions. It was not possible to sample these materials to make a conclusive interpretation of the origin of the lower resistivity materials. These data suggest that estimates of active layer thaw from manual frost-probe measurements underestimate the extent of potential flow in the subsurface and therefore the degree of hydrologic exchange between surface and subsurface water of arctic hillslopes.
Self-potential data
SP signals observed at the surface are a 2D rendering of complex 3D patterns in the subsurface. In purely horizontal flow, measured SP voltages should increase in the direction of flow (Revil and Jardani, 2013) ; flow paths down the hillslope should lead to increasing voltages downstream. In reality, observed signals are complex due to the superposition of multiple signal sources including horizontal and vertical components of flow paths and changes in ground resistivity. In Water Track 6 (Figure 5 ), values increase from 4 to 14 mV (yellow-green to blue) down the length of the primary channel; this pattern is present but less obvious in Water Track 1. However, the SP signal does not increase monotonically in either data set. Instead, local maxima are present, likely due to groundwater contributions from the adjacent nontrack hillslope watershed into the primary channel. Since upward flow, as well as horizontal flow, can result in positive SP signals (Richards et al., 2010) , these local maxima may also represent areas of local upwelling. These type of local maxima have been observed in the SP measurements in association with preferential flow paths through earthen dams (Bolève et al., 2009 ) and along faults (Richards et al., 2010) . The inverse, local minima, have been observed associated with pumping wells (Rizzo et al., 2004) .
We interpret the troughs in voltage on either side of the water tracks as hydrologic divides from which water is flowing away. This is supported by increasing voltage values in the lower left and right corners of Figure 5 (Water Tracks 1 and 6), suggesting that flow at these locations is moving toward the neighboring water track on the hillslope. These divides correspond approximately to the highs in both the surface topography from LiDAR (thick dashed lines in Figure 5) , suggesting that at least on a broad scale, subsurface flow paths approximate surface patterns. Given the interprofile spacing (10-20 m), it is not possible to accurately compare divides derived from the ER data. However, the local minima occur in two locations where local upwelling might be expected: around the weir and in areas where the observed low-resistivity layer thins, forcing water through a thinner active layer. Around the weir, horizontal flow is blocked by an impermeable barrier, and therefore vertical water movement is expected. An alternative source of voltage differences in SP data is changes in subsurface resistivity; however, in this case, the ground resistivity decreases from the flanks to the primary flow path. This direction of increasing resistivity would dampen, rather than enhance, the strength of the observed voltage differences (Revil and Jardani, 2013) . Therefore, this suggests that the distribution of voltages we observe are primarily due to groundwater flow rather than changes in resistivity.
CONCLUSION
We compared measurements of active-layer thaw beneath common arctic hillslope drainage features called water tracks using ERT and depth-to-refusal frost probing. Frost probe and ERT data compared well in the areas of moist acidic tundra on the hillslope outside the water tracks, but in the water tracks, zones of lower electrical resistivity extend deeper than the frost probe measurements. These areas below the main water track flow path may represent partially frozen, saturated soil, an extension of the flow path network that is not be identifiable with traditional methods. Future work should focus on using ERT to better resolve the interannual active layer thaw response to variable energy and water inputs. In particular, ERT could be a valuable tool for long-term mapping and prediction of the response of terrestrial flow path networks in permafrost regions to climate change.
The SP data indicate that on a hillslope scale, flow paths generally follow the surface topography. However, on a smaller scale, the SP measurements do not increase monotonically as would be expected from purely lateral flow. SP voltages increase along and toward the primary channel, suggesting flow toward the channel and downhill; however, local maxima are present within the water track, which could result from local upwelling. Incorporation of this type of data could lead to more targeted sampling to identify potential hotspots for biogeochemical transformation. SP could also be used to investigate how water flow changes through time; together with ERT, these data provide insight on how flow paths and the frost boundary interrelate. Figure 6 . Comparison of the four types of data evaluated in the accumulation plots. Data shown are from the 60 m transect of Water Track 1. Surveyed elevation points are shown as brown squares, LiDAR-derived elevations are in red dashes, and the frost probe shown is as black cross symbols. The ER contour was selected using the mean of calculated resistivity values at each of the frost probe terminations. The cloud around the ER contour approximates one standard deviation from the mean value used to define the thaw depth. The deviations between LiDAR and surveyed elevations at edges are likely artifacts. Differences between frost probe and ER measurements may be due to the presence of shallow rocks, which forced frost probe measurements off the ER line.
